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SERIES CAPACITOR STEP-DOWN
CONVERTER, AND CONTROLLER CIRCUIT
AND CONTROL METHOD THEREOF

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims priority benefit of Japanese Patent

Application No. JP 2022-112743 filed in the Japan Patent
Office on Jul. 13, 2022. Each of the above-referenced
applications 1s hereby incorporated herein by reference 1n 1ts
entirety.

BACKGROUND

The present disclosure relates to series capacitor convert-
ers.

A direct current to direct current (DC/DC) converter with
a step-down function 1s used to generate a voltage lower than
an mput voltage. A step-down (Buck) type, a step-up/step-
down type, a Cuk type, a Zeta type, a Sepic type, etc. are
known as a DC/DC converter having a step-down function.

Depending on the application, an interleaved type or a
series capacitor type, which 1s variations of the step-down
converter, 1s adopted. In the interleaved type, buck convert-
ers are connected 1n parallel, and their inputs and outputs are
connected 1n common. High efliciency operation 1s achieved
by the interleaved operation of a plurality of buck convert-
ers. The iterleaved type has the same step-down ratio as a
normal buck converter.

A series capacitor type step-down converter can be
thought of as a modification of an interleaved type with a
phase number of 2 and has a configuration with an added
series capacitor. The step-down converter of the series
capacitor type can reduce the step-down ratio to half of the
ratio of the interleaved type, and thus 1s suitable for appli-
cations that require a small step-down ratio.

An example of the related art 1s disclosed 1 “Stefano
Saggini, Shuai Jiang, Mario Ursino, Chenhao Nan, ‘A99%
Efficient Dual-Phase Resonant Switched-Capacitor-Buck
Converter for 48 V Data Center Bus Conversions,” 2019
IEEE Applied Power Electronics Conierence and Exposition

(APEC).”

BRIEF DESCRIPTION OF THE

DRAWINGS

FI1G. 1 1s a circuit diagram of a series capacitor step-down
converter according to an embodiment;

FIG. 2 1s an equivalent circuit diagram of the series
capacitor step-down converter (main circuit) in a first state
¢l

FIG. 3 1s an equivalent circuit diagram of the series
capacitor step-down converter (main circuit) in a second
state @2;

FIG. 4 1s a current waveform diagram of the series
capacitor step-down converter;

FIG. 5 1s a current wavelorm diagram of the series
capacitor step-down converter;

FIG. 6 1s a time chart illustrating the operation of the
series capacitor step-down converter in consideration of
dead time;

FIG. 7 1s a diagram 1illustrating current wavelforms when
a switching frequency 1_  1s changed;

FIG. 8 1s a diagram 1illustrating a power conversion
elliciency of the series capacitor step-down converter; and
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2

FIG. 9 1s a diagram illustrating an example of an elec-
tronic device icluding the series capacitor step-down con-
verter.,

DETAILED DESCRIPTION

(Overview of Embodiment)

An overview ol some exemplary embodiments of the
present disclosure will be provided. This overview presents
some concepts of one or more embodiments 1n simplified
form as a preamble to the more detailed description that 1s
presented later, for the purpose of providing a basic under-
standing of the embodiments, and does not limit the scope
of the disclosure. This overview 1s not a comprehensive
overview of all thinkable embodiments, and 1t 1s intended to
neither specity key elements of all embodiments nor delin-
cate the scope of some or all aspects. For convemence, the
term “an embodiment” may be used to refer to one embodi-
ment (example or modification) or a plurality of embodi-
ments (examples or modifications) disclosed 1n the present
specification.

In a controller circuit for a series capacitor step-down
converter according to an embodiment, when two inductors
constituting a coupled inductor of the series capacitor step-
down converter have an inductance design value of L, the
mutual inductance design value of the two mductors 1s M,
and the design value of the capacitance of the series capaci-
tor 1s Cr, the series capacitor step-down converter 1s driven
at the switching frequency 1_ higher than a frequency 1,
represented by Equation (1).

In series capacitor step-down converters 1n the past, the
switching frequency 1s defined so as to be equal to the
resonant Irequency. Therefore, if the resonance frequency
shifts due to vanations 1n circuit constants, parasitic mduc-
tance, parasitic capacitance, etc., conditions for zero voltage
switching (ZVS) may not be satisfied depending on the
direction of the shift, and a problem arises that loss increases
or an overvoltage 1s applied to the switching element.

According to the above configuration, by setting the
switching frequency higher than the resonance frequency,
the ZVS conditions can be satisfied even when the circuit
constant varies. As a result, the power conversion efliciency
can be improved especially when the output power 1s low
(during light load) when the switching loss 1s large, and the
overvoltage can be suppressed.

In an embodiment, the switching frequency {_  may range
from 1.05 to 1.3 times the frequency 1.

In an embodiment, the switching frequency 1 may range
from 1.1 to 1.2 times the frequency 1.

In an embodiment, the controller circuit may be mono-
lithically integrated on a single semiconductor substrate.

A series capacitor step-down converter according to an
embodiment includes a main circuit of the series capacitor
step-down converter and any of the controller circuits
described above that drives switching elements included 1n
the main circuit.

In an embodiment, the controller circuit may be mono-
lithically integrated on a single semiconductor substrate.
The term “monolithically integrated” means cases where all
circuit components are formed on a semiconductor substrate
and where the main components of a circuit are monolithi-
cally integrated, and some resistors, capacitors, or the like
may be provided outside the semiconductor substrate for
adjusting a circuit constant. By integrating the circuits on
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one chip, the circuit area can be reduced, and the charac-
teristics of the circuit elements can be kept uniform.

Embodiment

Hereinafter, preferred embodiments will be described
with reference to the drawings. The same or equivalent
constituent elements, members, and processes illustrated 1n
cach drawing are denoted by the same reference signs, and
duplication of description will be omitted as appropriate.
Moreover, the embodiments are illustrative without limiting
the disclosure, and all features or combinations thereof
described 1n the embodiments are not necessarily essential to
the disclosure.

In the present specification, “a state in which a member A
1s connected to a member B” includes a case 1n which the
member A and the member B are indirectly connected to
cach other through other members that do not substantially
allect the electrical connection state nor impair the functions
and eil

ects achieved by their combination, as well as a case
in which the member A and the member B are physically and
directly connected.

Similarly, “a state in which a member C i1s connected
(provided) between a member A and a member B” includes
a case where the members are indirectly connected to each
other through other members that do not substantially aflect
their electrical connection state nor impair the functions and
cllects achieved by their combination, as well as a case
where the member A and the member C, or the member B
and the member C are directly connected.

Further, i the present specification, reference signs
attached to electric signals such as voltage signals and
current signals, or circuit elements such as resistors, capaci-
tors, mductors refer to voltage values, current values, or
circuit constants (resistance values, capacitance values,
inductance) thereot, respectively, as needed.

The vertical and horizontal axes of the waveform dia-
grams and time charts to be referred to in the present
specification are enlarged or reduced as appropriate for ease
of understanding, and each 1illustrated waveform 1s also
simplified, exaggerated, or emphasized for ease of under-
standing.

FIG. 1 1s a circuit diagram of a series capacitor step-down
converter 100 according to an embodiment. The series
capacitor step-down converter 100 steps down an 1nput
voltage Vin supplied to an mput line 102 and generates a
stepped-down output voltage Vout on an output line 104.

The series capacitor step-down converter 100 includes a
main circuit 110 and a controller integrated circuit (1C) 200.
The controller IC 200 1s an application specific integrated
circuit (ASIC) integrated on one semiconductor substrate.

The main circuit 110 1includes a first switch S1 to a fourth
switch S4, a coupled inductor 112, a series capacitor Cr, and
an output capacitor Cout.

The first switch S1 has a first end connected to the input
line 102. The coupled inductor 112 1s a transformer and
includes a first inductor L1 and a second inductor L2 that are
magnetically coupled. The first inductor L1 and the second
inductor L2 have equal inductance L, and further have
mutual inductance M. A first end of each of the first inductor
L1 and the second inductor .2 1s connected between the
output line 104 and ground.

The second switch S2 1s connected between a second end
of the first inductor L1 and ground. The series capacitor Cr
1s connected between a second end of the first switch S1 and
the second end of the first inductor 1. The third switch S3
1s connected between the second end of the first switch S1
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4

and a second end of the second inductor L2. The fourth
switch S4 1s connected between the second end of the second
inductor L2 and ground. The output capacitor Cout 1is
connected to the output line 104.

In this example, the first switch S1 to the fourth switch S4
are all illustrated as N-channel metal-oxide-semiconductor
ficld-eflect transistors (MOSFETs), but are not limited
thereto, and other transistors may be used. Also, the second
switch S2 and the fourth switch S4 on the low side may be
rectifying elements such as diodes.

The controller IC 200 controls the first switch S1 to the
fourth switch S4 to generate the output voltage Vout on the
output line 104. To be specific, the controller IC 200
alternately repeats a first state @1 and a second state @2 at a
predetermined switching frequency {_  with a dead time T,
interposed therebetween.

First state ¢1:

First switch S1=0ON

Second switch S2=0OFF

Third switch S3=0OFF

Fourth switch S4=0N

Second state @2:

First switch S1=OFF

Second switch S2=0N

Third switch S3=0ON

Fourth switch S4=0OFF

Dead time T

First switch S1=OFF

Second switch S2=0FF

Third switch S3=0OFF

Fourth switch S4=0OFF

When the length of each of the first state ¢l and the
second state @2 1s T,,, the switching frequency f_  1is
1/(2xT ). In other words, operating at the swr[chmg fre-
quency t_  means repeating the first state ¢l and the second
state @2 at intervals of T ,,~=1/(2x1_,).

The abovementioned conﬁguratlon 1s the configuration of
the series capacitor step-down converter 100. Next, the
operation thereof will be described.

FIG. 2 1s an equivalent circuit diagram of the series

capacitor step-down converter 100 (main circuit 110) 1n the
first state ¢l. The switches S1 and S4 1n the on-state are
illustrated as simple wirings. The coupled inductor 112 1s
illustrated as an equivalent circuit including an exciting
inductance Lm and a leakage inductance Lk. A current
flowing through the first inductor L1 1s referred to as a first
coil current I, ,, and a current flowing through the second
inductor L2 1s referred to as a second coil current I ..
In the first state ¢l, the series capacitor Cr, the first
inductor L1 (leakage inductance Lk), and the output capaci-
tor Cout form a series resonance circuit, and a resonance
current Ires tlows through the first inductor L1 (I, ,=Ires).
Since the total current of the resonance current Ires', which
1s a replica of the resonance current Ires flowing through the
first inductor L1, and the exciting current Im, flowing
through the exciting inductance Lm flows through the sec-
ond inductor L2, the second coil current I,, satisfies
1, ,=Ires'+Im,.

FIG. 3 1s an equvalent circuit diagram of the series
capacitor step-down converter 100 (main circuit 110) 1n the
second state 2. The switches S2 and S3 1n the on-state are
illustrated as simple wirings.

In the second state @2, the series capacitor Cr, the leakage
inductance Lk, and the output capacitor Cout form a series
resonance circuit, and the resonance current Ires flows
through the second inductor L2 (I,.=Ires). Since the total
current of the resonance current Ires', which 1s a replica of
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the resonance current Ires flowing through the second induc-
tor L2, and an exciting current Im, flowing through the
exciting inductance Lm flows through the first inductor 1.1,
the first coil current I, ; satisfies I, ,=Ires'+Im,.

When the first state ®1 and the second state ®2 are
alternately repeated, the voltage across the series capacitor
Cr becomes Vin/2 in the steady state, and the remaining
Vin/2 1s applied to the coupled inductor 112. When the
inductances of the first inductor L1 and the second inductor
.2 are equal, an output voltage Vout that 1s /4 times Vin 1s
generated on the output line 104.

The conditions for the series capacitor step-down con-
verter 100 to perform ZVS are as follows.

Transition from the first state ®1 to the second state ©2

During the dead time T, immediately after the first state
©1, when I, ,0 1s satishied, the current I, , flows through the
body diode of the second switch S2, and the voltage across
the second switch S2 decreases. At this time, when the state
1s changed to the second state @2, that 1s, when the second
switch S2 1s turned on, the ZVS of the second switch S2 1s
established. It should be noted that the direction toward the
output line 104 for the currents I, ; and I, , 1s regarded as the
positive direction.

Further during the dead time T, when I, ,<0 1s satisfied,
the voltage at the connection node between the third switch
S3 and the fourth switch S4 increases due to the regenerative
current, and the voltage across the third switch S3 decreases.
At this time, when the state 1s changed to the second state
2, that 1s, when the third switch S3 1s turned on, the ZVS
of the third switch S3 1s established.

Transition from the second state ¢®2 to the first state @1

During the dead time T, immediately after the second
state ©2, when I, , <0 1s satisfied, the voltage at the connec-
tion node between the first switch S1 and the second switch
S2 increases due to the regenerative current, and the voltage
across the first switch S1 decreases. At this time, when the
state 1s changed to the first state @1, that 1s, when the first
switch S1 i1s turned on, the ZVS of the first switch S1 is
established.

Further, during the dead time, when I, ,20 1s satishied, the
current I, , flows through the body diode of the fourth switch
S4, and the voltage across the fourth switch S4 1s small. At
this time, when the state 1s changed to the first state @1, that
1S, when the fourth switch S4 1s turned on, the ZVS of the
fourth switch S4 1s established.

FIG. 4 1s a current waveform diagram of the series
capacitor step-down converter 100. A switching frequency
f__ agrees with the resonance frequency f, of the main circuit
110, and the first state ®1 and the second state ©2 transition
at the timing when the resonance current Ires becomes zero.
The dead time 1s omitted here. FIG. 4 illustrates current
waveforms when the first switch S1 to the fourth switch S4
are assumed to be ideal switches, namely, when the first
switch S1 to the fourth switch S4 do not include parasitic
capacitance.

At the timing of the end of the first state ®1, since the
current I, ; of the first inductor 1.1 1s positive or zero (I, ;>0),
and the current I,, of the second inductor L2 1s negative
(I,,<0), the ZVS conditions mentioned above 1s satisfied.

Similarly, at the timing of the end of the second state ©2,
the current I,, through the first inductor L1 1s negative
(I, ,<0) and the current I,, through the second inductor L2
1s positive or zero (I,,20), so that the ZVS conditions
mentioned above 1s satisfied.

Thus, the series capacitor step-down converter 100 can
satisfy the ZVS conditions by switching at the resonance
frequency 1., and can operate with high efficiency.
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6

FIG. 5 1s a current waveform diagram of the series
capacitor step-down converter 100. Although FIG. 4 1llus-
trates waveforms 1gnoring the parasitic capacitance of the
MOSEFET, the parasitic capacitance actually exists. This
parasitic capacitance suppresses current discontinuity across
the dead time. The coil currents I, ; and I, , become continu-
ous and have a waveform that 1s symmetrical on the time
ax1is with respect to the dead time 1n the first state ¢1 and the
second state ¢2.

FIG. 6 1s a time chart 1llustrating the operation of the
series capacitor step-down converter 100 in consideration of
dead time. The length T ,,, of each of the first state ®1 and
the second state @2 1s half of a resonance period T, (=1/1,).

A resonance frequency f , 1n the first state ®1 of the main
circuat 110 1s represented by Equation (2).

Math. 2]

1 L, (2)

C,(L1L; — M?)

Similarly, a resonance frequency f, in the second state @2
of the main circuit 110 1s represented by Equation (3).

Math. 3]

1 L 3)

= Co(L1Ly — M?)

2}1’\

A situation satisfying f _,=f , 1s 1deal, but since the main
circuit 110 1s mounted on a printed substrate, 1ts resonance
frequencies f ; and f , are affected by parasitic capacitance
and parasitic inductance, so that it 1s not easy to make the
frequencies agree with each other perfectly. Further, among
the components of the main circuit 110, inductors (trans-
formers) and capacitors are mounted as chip components,
and their circuit constants vary. Therefore, it 1s not easy to
completely match (tune) the switching frequency with the
resonance frequency for each series capacitor step-down
converter 100.

When the switching frequency of the series capacitor
step-down converter 100 1s made to agree with the design
value of the resonance frequency of the main circuit 110,
depending on the combination of variations in circuit con-
stants, a situation occurs 1n which the switching frequency
may become lower than the resonance frequency, in other
words, the on-time T,,, 1n the first state ®1 and the second
state @2 1s longer than half the resonance time (resonance
half-cycle) Tr/2.

Referring to FIG. 6, if T, 1s too long compared to the
resonance half-cycle Tr/2, the first coil current I, ; becomes
a negative current at the timing of transition from the first
state ®1 to the second state ®2, and thus the ZVS conditions
are not satisfied.

FIG. 7 1s a diagram 1llustrating current waveforms when
the switching frequency f sw 1s changed. When the switch-
ing frequency f_ 1s low (the bottom 1n the figure), in other
words, when the on-time T, 1s long, the current I, , of the
first inductor L1 becomes a negative current at the timing of
transition to the dead time T,. Since the current I, , further
decreases during the dead time T,, I,,20 does not hold
regardless of whether the dead time ID i1s lengthened or
shortened, and the ZVS conditions cannot be satisfied,
resulting 1n poor efficiency.
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On the other hand, when the switching frequency f_ 1s
high (the top 1n the figure), 1n other words, when the on-time
T, becomes short, the current I, ; of the first inductor L1
and the current I,, of the second inductor 1.2 will both be
positive at the timing of transition to the dead time T,,. In
this case, by lengthening the dead time T, a state of I, ;>0
and I,,<0 can be created, and the ZVS conditions can be
satisfied.

In the present embodiment, by utilizing this property, the
switching frequency f_, 1s set high in advance so that the
switching frequency f_, 1s higher than the resonance fre-

quency I, even when the resonance frequency {, 1s lowered.
The length of the dead time T, should be determined so as
to satisty the ZVS conditions when the resonance frequency
i takes the lowest value 1n the assumed range.

To be specific, the switching frequency f_  1s set higher
than the frequency f, determined by Equation (4).

Math. 4]

1 I (4)

C,(L* = M?)

L 1s the design value of the inductance of the first inductor
.1 and the second inductor 1.2, M 1s the design value of the
mutual inductance of the first inductor 1.1 and the second
inductor 1.2, and Cr 1s the design value of the capacitance of
the series capacitor.

For example, the switching frequency f_ may range from
1.05 to 1.3 times the frequency f,. More preferably, the
switching frequency {_, can be set within a range of 1.1 to
1.2 times the frequency f,. Within this range, even if the
resonance frequency varies, the ZVS conditions can be
satisfied with a realistic dead time T .

FIG. 8 1s a diagram 1llustrating the power conversion
efficiency of the series capacitor step-down converter 100.
The horizontal axis indicates output power, and the vertical
axis indicates conversion efficiency. The resonance fre-
quency 1s 314 kHz, and the efficiency 1s plotted when the
switching frequency f_  1s changed.

In a region where the output power Po 1s small, the
efficiency can be further improved by making the switching
frequency I sw higher than the resonance frequency.
(Application)

FIG. 9 1s a diagram illustrating an example of an elec-
tronic device 700 including the series capacitor step-down
converter 100. A suitable example of the electronic device
700 1s a server. Since a 12 V power supply line 1s originally
drawn 1nto the server, an internal circuit 710 1s designed to
operate at 12 V. The internal circuit 710 can include a central
processing unit (CPU), a memory, a local area network
(LAN) interface circuit, a DC/DC converter that steps down
a voltage of 12 V, and the like.

In recent years, there has been a movement to replace the
bus voltage from 12 V to 48 V 1n order to reduce the current
flowing through the wires. In this case, a power supply
circuit 720 for stepping down the power supply voltage of 48
V to 12 V 1s required. The above-described series capacitor
step-down converter 100 with /4 gain can be suitably used
for such a power supply circuit 720.

The electronic device 700 1s not limited to a server and
may be an in-vehicle device. Automobile batteries 1n the past
are for mainly 12 V or 24 V, but for hybrid vehicles, there
are cases where a 48 V system may be adopted, and also 1n
this case, a power supply circuit that converts the battery
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voltage from 48 V to 12 V 1s required. In such a case, the
series capacitor step-down converter 100 with 4 gain can be
preferably used.

In addition, the electronic device 700 may be industrial
equipment, office automation (OA) equipment, or consumer
equipment such as audio equipment.

The embodiments are examples, and it 1s understood by
those skilled 1n the art that there are various modifications 1n
the combination of respective components and processing
processes, and such modifications are also included in the
present disclosure and can constitute the scope of the present
disclosure.

According to certain aspects of the present disclosure,
power conversion efficiency can be improved.

What 1s claimed 1s:

1. A controller circuit for a series capacitor step-down
converter that drives a plurality of switching elements of the
series capacitor step-down converter at a switching fre-
quency f__ higher than a frequency f, represented by the
following Equation

C, (L7 — M?)

wherein

L. 1s a design value for an inductance value of each
inductor of at least two inductors constituting a coupled
inductor of the series capacitor step-down converter,

M 1s a design value for a mutual inductance of the at least
two 1nductors, and

C_ 1s a design value of a capacitance of a series capacitor
of the series capacitor step-down converter.

2. The controller circuit according to claim 1, wherein the
switching frequency f__ 1s 1n arange of 1.03 to 1.3 times the
frequency 1.

3. The controller circuit according to claim 1, wherein the
switching frequency {__ 1s 1n a range of 1.1 to 1.2 times the
frequency f,.

4. The controller circuit according to claim 1, wherein the
controller circuit 1s monolithically integrated on one semi-
conductor substrate.

5. A series capacitor step-down converter comprising:

a main circuit of the series capacitor step-down converter;

and

the controller circuit according to claim 1 wherein
the main circuit includes the plurality of switching

elements.

6. A method for controlling a series capacitor step-down
converter, the series capacitor step-down converter includ-
Ing

an 1nput line and an output line,

a first switch having a first end and a second end, wherein
the first end of the first switch 1s connected to the 1nput

line,

a coupled 1inductor including a first inductor and a second
inductor which are coupled with each other with a
mutual inductance design value of M, wherein
each of the first inductor and the second inductor has a

first end and a second end, and
the first end of each of the first inductor and the second
inductor 1s connected to the output line,

a second switch connected between the second end of the
first inductor and ground,

a series capacitor connected between the second end of
the first switch and the second end of the first inductor,
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a third switch connected between the second end of the
first switch and the second end of the second inductor,
a fourth switch connected between the second end of the

second 1nductor and ground, and

an output capacitor connected to the output line, the 5
method comprising:

defining a switching frequency f_, higher than a fre-
quency 1, represented by the following Equation

10

1L
2my G(L* - M)

wherein 15
L 1s a design value for an inductance value for each of

the first inductor and the second inductor,

M 1s the mutual inductance design value for a mutnal
inductance of the first inductor and the second induc-
tor, and 20

1s a design value of a capacitance of the series
capacitor; and

repeating a first state 1n which the first switch and the

fourth switch are on and a second state 1n which the
second switch and the third switch are on, which have 75
same duration, at the switching frequency f_,.

7. The method for controlling according to claim 6,
wherein the switching frequency f__ 1s in a range of 1.03 to
1.3 times the frequency f;.

8. The method for controlling according to claim 6, 3¢
wherein the switching frequency f_ 1s 1n a range of 1.1 to
1.2 times the frequency f,.

C

7
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